The growing use of silver nanoparticles (AgNPs) in consumer products raises concerns about potential health effects. This study investigated the persistence and clearance of 2 different size AgNPs (20 and 110 nm) delivered to rats by single nose-only aerosol exposures (6 h) of 7.2 and 5.4 mg/m 3 , respectively. Rat lung tissue was assessed for silver accumulations using inductivelycoupled plasma mass spectrometry (ICP-MS), autometallography, and enhanced dark field microscopy. Involvement of tissue macrophages was assessed by scoring of silver staining in bronchoalveolar lavage fluid (BALF). Silver was abundant in most macrophages at 1 day post-exposure. The group exposed to 20 nm AgNP had the greatest number of silver positive BALF macrophages at 56 days post-exposure. While there was a significant decrease in the amount of silver in lung tissue at 56 days post-exposure compared with 1 day following exposure, at least 33% of the initial delivered dose was still present for both AgNPs. Regardless of particle size, silver was predominantly localized within the terminal bronchial/alveolar duct junction region of the lung associated with extracellular matrix and within epithelial cells. Inhalation of both 20 and 110 nm AgNPs resulted in a persistence of silver in the lung at 56 days post-exposure and local deposition as well as accumulation of silver at the terminal bronchiole alveolar duct junction. Further the smaller particles, 20 nm AgNP, produced a greater silver burden in BALF macrophages as well as greater persistence of silver positive macrophages at later timepoints (21 and 56 days).
Silver nanoparticles (AgNPs) have antimicrobial activity and are used in wound dressings, sprays, textiles, and medical devices (Pelgrift and Friedman, 2013) . Silver nanomaterials are found in 50% of the products known to contain nanomaterials (The Project of Emerging Nanotechnologies, 2014). While most inhalation exposures to silver nanomaterials are thought to occur as occupational exposures during manufacturing , the use of colloidal silver in wound sprays and silver iodide particles as ground-based aerosols for cloud seeding underscores the need to gain a better understanding of how silver nanomaterials persist in the body, especially the lung. Further, silver nanomaterials are an area of active investigation of inhalable therapies for respiratory infections (Hindi et al., 2009; Xiang et al., 2013) and allergic airway inflammation (Jang et al., 2012) .
Previous work on the distribution of inhaled AgNPs in the respiratory system primarily examines a single nanoparticle size and involved subacute or subchronic exposures. One group, in a series of experiments, exposed rats in whole body chambers to 18 nm uncoated AgNP for 28 days (Ji et al., 2007) or 90 days (Sung et al., 2008 (Sung et al., , 2009 ) and quantified silver deposition in the lung using atomic absorption spectrometry. However, only the accumulated amount of AgNPs in the lung at the end of the repeated exposure was determined; persistence of silver in the lung after a single dose was not investigated. While several previous studies show persistence of silver in the lungs of mice and/or rats (Braakhuis et al., 2014; Kwon et al., 2012; Stebounova et al., 2011; Takenaka et al., 2001) , at least one previous study has also found substantial clearance over 1-7 days following exposure (Braakhuis et al., 2014) , see summary Table 1 . Very recently a comparative study was published on 15 and 410 nm spark generated silver particles that were given 6 h per day for 4 consecutive days in rats (Braakhuis et al., 2014) . Analysis of silver in the rat lungs from this study showed a significant reduction in silver content between 1 and 7 days after the end of the exposure cycle. What is common about these studies is the use of a single size of AgNP, primarily smaller than 20 nm, which can affect the clearance of particles from the lung (Oberdorster et al., 1994) . These studies all indicate that silver, in some form, persisted in the lung at the latest timepoint tested, and found no signs of toxicity and only mild inflammation. Comparative analysis of the amount of silver retention in lung tissues for a single exposure to inhaled AgNPs of different sizes, and as a percentage of the delivered dose immediately at the end of exposure, has not been reported.
One mechanism of removal of lung-deposited particles can be uptake by inflammatory cells. Macrophages are the predominant inflammatory phagocytic cell type that is resident and recruited to the lung, often comprising 98% or more of the cells obtained in bronchoalveolar lavage. Hence, when studying long-term clearance of nanoparticles from lung tissue, assessment of macrophage involvement is key to fully understanding the response. Our current study expands the literature on inhaled nanosilver because we study clearance from the rat lung over time while comparing 2 particle sizes following a single nose-only inhalation exposure.
In this study, we describe development and characterization of an exposure system for aerosolization of AgNPs and we examine 2 different sizes of aerosolized AgNPs in the exposure system and in the lung. Citrate-coated particles were selected because previous work showed that these were the most persistent in lung tissue and created the greatest biological response in terms of persistence of the particles in the lung within the lung macrophage population (Anderson et al., 2014) . The goals of this study were: (1) to define AgNP persistence in the lung tissue and lung macrophage population following an inhalation exposure to well-characterized nanomaterials and (2) to compare results with a previous study using the same nanomaterials given by a different route, instillation.
MATERIALS AND METHODS
Silver nanoparticles. AgNPs manufactured by nanoComposix, Inc (San Diego, California) were supplied by the NIEHS Centers for Nanotechnology Health Implications Research (NCNHIR) Consortium. Preliminary testing and characterization of the materials were performed by the Nanotechnology Characterization Laboratory (SAIC-Fredrick, Frederick, Maryland) (Wang et al., 2014) . AgNPs consisted of 2 sizes 20 and 110 nm and were stabilized in citrate. AgNPs were supplied in sealed 50 ml aliquots at 1.0 mg/ml. The sham control was 2mM citrate buffer (pH 7.5), at the same concentration used for the AgNP suspensions, so that effects of the buffer could be separated from AgNP effects. Citrate buffer was prepared using sodium citrate and citrate acid (Sigma) in endotoxin-free water (Fisher Scientific, Pittsburgh, Pennsylvania).
Exposure system. Exposures were performed using an aerosol nebulization system assembled at the Center for Heath and the Environment at the University of California Davis (Fig. 1) . AgNP suspensions were aerosolized into fine droplets using a BGI 6-jet collision nebulizer (Waltham, Massachusetts). Compressed air for the nebulizer was generated using an oil-free compressor (California Air Tools, San Diego, California), dehumidified using compressed air dyers (Wilkerson, Richland, Michigan) , and filtered with a Motor Gard M-610 filter (Motor Gard, Manteca, California). Nebulizer inlet pressure was 20 psi. Output from the nebulizer was passed through a custom fabricated heater, then directed through 2 diffusion dryers (TSI, Shoreview, Minnesota) to remove water from the particles. Particles were then routed through a custom built charge neutralizer equipped with a Krypton-85 source before entering a 72-port nose-only exposure chamber (Raabe et al., 1973) . Components were connected using steel pipe. Rats were housed in nose-only exposure tubes (Teague Enterprises, Woodland, California) for duration of the exposure. Excess AgNPs were drawn from the chamber and through a second Motor Gard filter by a high volume vacuum pump (Gast, Benton Harbor, Michigan). The exposure chamber was maintained at 0.5-1.0 in. water pressure below room pressure. A peristaltic pump (Cole-Parmer, Vernon Hills, Illinois) was used to supply the nebulizer with suspended AgNPs which were maintained at a constant level. A flask held the stock suspension which was constantly stirred and kept on ice to reduce aggregation of particles.
Exposure characterization. The temperature and humidity of the room and exposure atmosphere were monitored for the duration of the exposure. For each 6 h exposure, the following samples were taken, distributed throughout the exposure: 6 mass concentration samples, 4 x-ray fluorescence (XRF) samples, 2 cascade impactor samples, 2 transmission electron microscopy (TEM) samples, and real-time size mobility particle scanner (SMPS) measurements. A SMPS (TSI 3071 classifier and 3010 condensation particle counter) was used to measure the number of particles from 12 to 600 nm. Samples were logged at 15-min intervals. Total mass concentration of AgNPs was determined by gravimetric measurement of 25 mm Pallflex membrane filters (Pall Life Sciences, Port Washington, New York) with samples collected at 1 l/min for 15 min. XRF samples were collected on 25 mm Pall Teflo filters (Pall Life Sciences) at 3 l/min for 5 min and the mass of Ag on the filters was determined by Chester Labnet (Tigard, Oregon). An 8-stage Mercer-style cascade impactor (Raabe, 1979) was employed to measure larger particle agglomerates collected on 25 mm Pallflex membrane filters at 1 l/min for 30 min. Aerosolized AgNPs for TEM were collected onto a formvar carbon film supported on a 400-mesh copper grid (3 mm in diameter) (Ted Pella, Reading, California) at room temperature using an electrostatic precipitator. TEM images were acquired using a Phillips CM-12 TEM operating at 120 kV. Particle size was confirmed using dynamic light scattering (DLS) on AgNPs from sealed containers and on excess material from the nebulizer at the end of exposure to monitor integrity of the particles and uniformity during the nebulization. DLS was performed on samples diluted 1:100 in milliQ water with a Zetasizer Nanosizer ZEN1690 (Malvern Instruments, UK) equipped with a He-Ne 633 nm laser. Diluted sample absorbance was determined using a PharmaSpec UV-1700 spectrophotometer (Shimadzu, Santa Clara, California) and the refractive index of silver was obtained from the NIST database (Smith and Fickett, 1995) . Stability of nanoparticles over the duration of the experiment was confirmed by tests on suspended particles before and after use in the nebulizer as well as the tests described above for the atmosphere. Results are given in Zaverage diameter (nm) in Table 2 .
Animals. Twelve-week-old male adult Sprague Dawley rats were obtained from Harlan Laboratories and acclimated for 1 week prior to exposure. Rats were housed 2 per cage and provided Laboratory Rodent Diet (Purina Mills, St Louis, Missouri) and water ad libitum. All animal experiments were performed under protocols approved by the University of California Davis IACUC in accordance with National Institutes of Health guidelines. Rats were conditioned to the exposure tubes in the week prior to exposure by being housed in tubes for progressively longer periods of time.
Animals used for silver staining and bronchoalveolar lavage were dosed nose only to either aerosolized 20 nm AgNP, 110 nm AgNP, or citrate buffer for 6 h. Animals were euthanized at 1, 7, 21, and 56 days post-exposure using Beuthanasia-D at 7.5 ml/kg and exsanguination. The abdominal and thoracic cavities were opened, the trachea cannulated, and the left lung lobe isolated by clamping the left primary bronchus. The right lung lobes were lavaged using 8 ml of 0.9% sterile saline in a 12-ml syringe, washing with the same aliquot 3 times. The resultant bronchoalveolar lavage fluid (BALF) was collected into 15 ml round bottom tubes and kept on ice until processed. The right primary bronchus is then tied off, the right lobes were removed, and the left lobe with the trachea was perfused with 4% paraformaldehyde at 30 cm of water pressure for 1 h.
A second set of animals was used for dosimetry and clearance, exposed as described above, and euthanized at the end of the exposure (T 0 ) or at 1, 7, 21, and 56 days postexposure. The lungs and extrapulmonary airways were removed en bloc with the trachea cut just below the larynx. Lobes were removed at the lobar bronchus and each lobe and the remaining trachea and bronchi were placed in 15 ml conical tubes and flash frozen in liquid nitrogen. Samples were stored at À80 C until processed for ICP-MS measurement of silver content.
FIG. 1.
Silver nanoparticle aerosol generation and exposure system. Particles in suspension are aerosolized into water droplets using a 6-jet collison nebulizer. Water is removed using diffusion dryers and particle charge is neutralized using a krypton-85 beta emission source. Dry particles are directed to a nose-only exposure chamber. Silver staining. Two 1-mm blocks representing short and long axial path airways of the 4% paraformaldehyde fixed left lobe were embedded in paraffin and sectioned onto poly-L-lysine-coated slides. Silver was visualized using a variation of a published method for autometallography (Danscher and Stoltenberg, 2006; Hacker et al., 1988) . A silver enhancement kit for light and electron microscopy (Ted Pella Inc, Redding, California) was used (Wang et al., 2014) and all slides were developed under identical conditions to facilitate comparisons across groups and timepoints. Paraffin-embedded samples were deparaffinized rehydrated and stained with equal volumes of enhancer and developer for 15 min. Cytospin slides were hydrated in PBS, stained for silver as described above, and then lightly counter stained with diluted 1:1000 methylene blue azure II stain. Slides were imaged using an Olympus BH-2 light microscope.
BALF macrophages. BALF was centrifuged at 2000 rpm and 4 C for 10 min to pellet cells. BALF supernatant was removed and stored for a different study. The cell pellet was resuspended in 2 ml sterile 0.9% saline and the total number of cells and nonviable cells, using Trypan blue assay, were counted. A cytospin slide was prepared from the resuspended BALF cells for silver staining and quantitation of macrophages as a percentage of the total cells. The percentage of silver-positive BALF macrophages was determined by counting silver-stained cytospins for silver positive and negative macrophages on autometallography-stained cytospin slides at Â40 magnification. A total of 500 cells were counted per slide. To further assess the silver load in the macrophage population, a semiquantitative scoring system was employed. Silver-positive macrophages were subdivided into light, moderate, and heavy staining for silver as shown in Supplementary Figure 1 . A total of 200 silver positive macrophages were scored per animal; all silver positive macrophages were scored if less than 200 were silver positive. The fractions of macrophages with light, moderate, and heavy silver content macrophages were used to determine a score for each animal using the formula:
where S is the silver score, M T is the total recovered macrophages (Â10 4 ) per ml of BALF, and f L , f M , and f H are the fractions of silver positive macrophages in the macrophage population (Anderson et al., 2014) .
Spectral profiling and enhanced dark field imaging. AgNPs deposition was qualitatively evaluated in unstained paraffin embedded lung sections using a Cytoviva-enhanced dark field microscope (Cytoviva, Auburn, Alabama). Lung sections were evaluated for qualitative assessment of AgNP deposition at 1, 7, and 21 days following exposure at a magnification of Â 100. Spectral analysis of AgNPs was performed utilizing hyperspectral dark field microscopy (Cytoviva). To generate a mean spectral profile of 20 and 110 nm AgNPs, particles were loaded onto premium clean microscope slides and mean spectrums were created utilizing pixels with an intensity greater than 1000. To determine changes in AgNP spectrums following macrophage internalization unstained paraffin embedded tissue samples were assessed by hyperspectral dark field microscopy. AgNPs within cells were assessed by focusing on the nucleus of the cell and a hyperspectral image was collected at a magnification of Â 100. To generate spectral profiles a minimum of 1000 pixels of AgNPs were collected to form a region of interest that was used to create a mean spectrum. This spectrum was then normalized and compared with the normalized original spectrum of the corresponding AgNP. Finally, to understand intercellular modifications in AgNP spectra, AgNPs were incubated for 24 h in artificial phagolysosomal fluid with a pH of 4.5. AgNPs were then centrifuged for 10 min at 14 000 rpm (20 817 g) and resuspended in water before being loaded onto premium clean microscope slides for assessment by hyperspectral dark field microscopy.
TEM of BALF macrophages. Cells recovered from BALF were fixed with Karnovsky's fixative (0.9% glutaraldehyde/0.7% paraformaldehyde in cacodylate buffer, adjusted to pH 7.4, 330 mOsmol/kg H 2 O) and suspended in agar blocks. Blocks were embedded in Araldite 502 resin and osmicated (Van Winkle et al., 1995) . Sections were cut using a Leica Ultracut UCT ultramicratome and Diatome diamond knives. TEM images of BALF macrophages were obtained using a Philips CM120 electron microscope.
Silver deposition quantification. Concentration of silver in the extrapulmonary airways and lung lobes was determined using ICP-MS. Tissues were lyophilized using a Labconco FreeZone 2.5 (Kansas City, Missouri) freeze drying system and weighed to determine tissue dry weight. Tissue was digested with 70% trace metal grade nitric acid (Fisher) and heated to 70 C for 2 h. Table 3 .
Statistics. Data are reported as mean 6 standard error of the mean unless otherwise stated. Statistical outliers were eliminated using the extreme deviate method (Graphpad, La Jolla, California). Multivariate analysis of variance (MANOVA) was applied against particle size, surface coating, time-point, and dose when appropriate. Multiple comparisons for factors containing more than 2 levels were performed using Fisher's protected least significant difference (PLSD) method. Pair-wise comparisons were performed individually using a 1-way ANOVA followed by PLSD post hoc analysis. P-values of less than 0.05 were considered statistically significant.
Non-parametric analysis of macrophage scoring data were performed using the Kruskal-Wallis ANOVA to assess differences by timepoint and the Mann-Whitney test to compare between particle types. Statistics was performed using STATISTICA 64 (Tulsa, Oklahoma).
RESULTS

Exposure Characterization
All AgNPs were supplied by the NCNHIR and National Characterization Laboratory (NCL). Use and characterization of these particles for bolus intratracheal instillation and oropharyngeal aspiration in rats and mice, respectively, have been reported previously (Anderson et al., 2014; Wang et al., 2014) . Briefly, NCL characterization of AgNPs from suspension using TEM and the DLS found that measurements were in agreement with the primary particle size reported by the manufacture. Additionally, endotoxin levels were below level of detection for both particle sizes. Rats were exposed nose only for 6 h to an atmosphere of nebulized citrate buffer (controls) or citratecoated AgNPs with a primary size of either 20 or 110 nm mean diameter. A schematic diagram of the aerosol exposure system is presented in Figure 1 . The BGI 6-jet Collison nebulizer was chosen for its ability to generate the concentration and air flow rate sufficient for the rat nose-only exposure chamber (Schmoll et al., 2009) and because the fluid jar can be refilled during operation without changing the exposure output. The nebulizer was operated at 20 psi (6.9 kPa) for a manufacturer-specified output of 12 l/min, confirmed with a flow meter. Chamber temperature was 19-23 C; chamber humidity was 30%-50%.
The atmosphere was characterized (Table 2 and Figs. 2 and 3) and all measured values are averaged from 3 exposures for each of the AgNPs and 2 exposures for citrate buffer. The total particle mass concentration determined gravimetrically was 5.0 6 1.7 mg/m 3 for citrate buffer, 13.9 6 2.3 mg/m 3 for 20 nm AgNP, and 12.4 6 2.5 mg/m 3 for the 110 nm AgNP. The airborne concentration of silver using XRF analysis was 7.2 6 0.8 mg/m 3 and 5.3 6 1.0 mg/m 3 for 20 and 110 nm AgNPs, respectively (Table 2 and Fig. 2A ). The differences in mass concentration between the gravimetric and XRF measurements can be attributed to the 2mM citrate buffer used to stabilize and coat the AgNPs in suspension. Because the mass of AgNPs determined using a gravimetric method is inflated by the citrate salts, dose calculations are based on the mass concentration measured by XRF. TEM of both AgNPs from the aerosol system (Figs. 2B and 2C) indicated expected sizes based on the measurements of particles from the suspension. Scanning mobility particle sizer (SMPS) data are presented in Table 2 and Figure 3 . Particle number concentration shows that the citrate buffer exposure is similar to the 20 nm AgNP data in both size and number as measured by SMPS ( Table 2 ). The 110 nm AgNP have a bimodal profile with a peak at 78.2 nm and a secondary peak at 120 nm (Fig. 3D) . Cascade impactor data show that 65% of 20 nm AgNP and 61% of 110 nm AgNP were present as particles less than 1.1 mm in size (Figs. 3B and 3E) . If the next stage is included, particles up to 1.6 mm, the fractional percentages increase to 82% and 81% for 20 and 110 nm AgNPs, respectively, indicating that most of the particles generated were less than 1.6 mm.
To assess any change in particle size during the exposure, DLS was performed on AgNPs both before use from sealed containers (new) and from suspension collected from the nebulizer at the end of the exposure (recovered) ( Table 2 and Figs. 3C  and 3F ). The hydrodynamic diameter for the 20 nm AgNP was 27.0 ( 6 1.0) nm for new particles (circles) and 27.2 ( 6 1.0) for recovered particles (diamonds), while that of the 110 nm AgNP was 111.2 6 0.2 nm for new (circles) and 106.6 6 0.2 nm for recovered particles (diamonds). These findings indicate maintenance of particle integrity within the nebulizer. The small peak at 5.5 mm for the 20 nm AgNP suggests a small amount of aggregation.
Macrophage clearance of AgNPs. There was no significant difference in the total number of BALF recovered macrophages in control animals irrespective of the timepoints. Macrophages, as determined by autometallography and analysis of cell morphology, were the predominant silver containing cells ( Supplementary Fig. 1 ). The number of non-viable cells ranged from 2.1% to 3.8% for citrate-exposed (control) rats and 1.7% to 4.5% for AgNPs-exposed groups. At no timepoint were AgNPsexposed rats significantly different than citrate-exposed controls in the percent of non-viable cells recovered in BALF. There was a significant decrease in the number of macrophages in the BALF for both particle types at 1 day post-exposure; animals exposed to 20 and 110 nm AgNPs had 40% and 50% less macrophages (Fig. 4A) . At 7 days post-exposure, the 20 nm AgNP produced significantly elevated numbers of BALF macrophages when compared with either the same day controls or the 20 nm AgNP at 1 day post-exposure. However, the 110 nm AgNP group did not produce a significant change at 7 days post-exposure compared with controls. By 21 and 56 days post-exposure, there were no significant differences in recovered BALF macrophages between the 3 exposure groups or between the 21 and 56 day timepoints. Finally, both 20 and 110 nm AgNPs produced significantly more BALF macrophages at 21 and 56 days post-exposure than their respective 1 day levels.
As expected, there were no silver positive macrophages in citrate buffer-only exposed rats. The highest percentage of silver positive macrophages was observed at 1 day post-exposure with 20 nm AgNP-exposed rats having 64% silver positive staining macrophages and those exposed to 110 nm AgNP having a significantly lower percentage (52%) of positive staining macrophages (Fig. 4B) . At 7 days post-exposure, animals exposed to both 20 and 110 nm AgNPs had a significantly less silver positive macrophages (22% and 19%, respectively) versus 1 day post-exposure. Between post-exposure days 7 and 21 or 56, the percentage of silver positive macrophages did not change significantly in animals given 20 nm AgNPs. However, rats exposed to 110 nm AgNP at 21 days had only 5% silver positive macrophages, which was significantly less than in the 20 nm AgNP-exposed group at the same day and the 110 nm AgNP-exposed group at 7 days. This downward trend continued at 56 days post-exposure when only 1.5% of macrophages recovered from the 110 nm AgNP-exposed rats were silver positive.
To further examine the silver burden in the macrophage population, a weighted scoring system was used to categorize macrophages as light, moderate, or heavy for silver staining (Fig. 4C) . This system took into account both the relative fraction of each level of staining and the total number of recovered silver positive macrophages per milliliter of BALF recovered. Animals exposed to the 110 nm AgNP scored significantly lower than the 20 nm AgNP at all timepoints. While having fewer silver positive macrophages accounts for this difference at the 21 and 56 day post-exposure timepoints, this does not explain findings at the earlier (1 and 7 days) timepoints. As stated above, at 1 day post-exposure, the animals exposed to 20 and 110 nm AgNPs had 64% and 52% silver positive macrophages, respectively. This was a small but significant difference. However, the silver macrophage scores for the 1 day timepoint were 6.0 and 3.3 for the 20 and 110 nm AgNP-exposed groups, respectively, a difference of 45%, suggesting that macrophages recovered from animals exposed to 20 nm AgNP were more particle laden. The differences in macrophage silver burden scores between the particle sizes at 7 days post-exposure are influenced by the difference in total recovered macrophages noted previously. The 110 nm AgNP-exposed animals had significant decreases in silver score at all timepoints after 1 day postexposure, with a 96% decrease in score from 1 day to 56 days post-exposure. In contrast, rats exposed to 20 nm AgNP had a significant decrease (69%) only between the 1 day and 56 days post-exposure timepoints; the differences between 1 day and 7 days, and 1 day and 21 days had low P-values of P ¼ 0.096 and P ¼ 0.068, respectively.
Silver in lung tissue. The abundance and distribution of silver were determined in lung tissue using ICP-MS on lung lobes and extrapulmonary airways and autometallography on tissue sections from the left lung lobe, respectively. Citrate bufferexposed animals did not have detectable silver using either ICP-MS or autometallography. The spatial distribution of silver at the end of 6 h exposures (T 0 ) did not vary between the 2 AgNPs sizes (Supplementary Fig. 2 ). Following aerosol exposure, silver measured by ICP-MS in the right middle lobe tissue was 1.66 and 1.57 mg/g for the 20 and 110 nm AgNP, respectively (mg silver/g tissue). The total mass of silver in the thoracic respiratory system at T 0 was calculated by summing the measured mass of silver in each lobe, the trachea, and the lobar bronchus ( Supplementary Fig. 2 ). The total mass of silver was 321 and 357 ng for the 20 and 110 nm AgNPs, respectively. At 1 day postexposure, the 20 nm AgNP-exposed group had significantly less silver than the animals examined at the end of exposure (T 0 ) (Fig. 5) . By 7 days post-exposure, retained silver was significantly less than at T 0 and at 1 day post-exposure for animals exposure to 20 or 110 nm AgNPs. Interestingly, there appeared to be a downward trend in retained silver levels at the 21 and 56 day post-exposure timepoints, but there were no significant reductions when compared with 7-day timepoint. There was no observed difference in tissue clearance between the 2 particles sizes.
The distribution of the silver in the tissue was investigated using autometallography. There was no silver positive staining in proximal airways at any timepoint (data not shown). The pattern of silver staining in the alveolar duct junction region was similar for the 2 sizes of AgNPs (Figs. 6 and 7) . At 1 day postexposure, the pattern of silver staining consisted primarily of macrophages (arrows, Figs. 6A and 6B and 7A and 7B) with occasional staining along the epithelium (open arrows). At 7 days post-exposure, silver positive macrophages were present, and there was staining of the basement membrane in the terminal bronchiole/alveolar duct junction region (arrow heads, Figs. 6 and 7). The staining of the basement membrane was most intense for both AgNPs at 21 days and reduced, but still present at 56 days.
Localization of AgNPs with enhanced dark field imaging and hyperspectral profiling
Assessment of unstained paraffin-embedded lung sections by enhanced dark field microscopy demonstrated cellular uptake of 20 (Figs. 8A-C and 8G) and 110 nm AgNPs (Figs. 8D, 8E , and 8F). Primarily AgNPs were found to be internalized by alveolar macrophages and epithelial cells (Figs. 8A, 8D , and 8G). Intracellular modifications of AgNPs in lung macrophages were evaluated by hyperspectral analysis and compared with the spectral profiles of 20 (Fig. 8H , black line) and 110 nm (Fig. 8I , black line) AgNPs suspended in water or artificial lysosomal fluid (ALF). Following macrophage internalization the spectral profiles of 20 and 110 nm AgNPs were found to undergo a red shift (Figs. 8H and 8I, red lines) possibly due to addition of intracellular proteins following internalization. Nanoparticles are often concentrated in phagolysosomal compartments following macrophage internalization. To further characterize these intracellular modifications in AgNP spectra, 20 and 110 nm AgNPs were incubated for 24 h in ALF and assessed for changes in mean spectral profiles. The mean spectrum of 20 nm AgNP following incubation in ALF was found to undergo a red shift that matches the spectral profile of 20 nm AgNP following macrophage internalization (Fig. 8H, blue) . Incubation in ALF was found to also cause a red shift in the 110 nm AgNP spectrum producing a profile similar to 110 nm AgNP within the macrophages (Fig. 8I, blue) .
Macrophage TEM. TEM micrographs of recovered macrophages from BALF show small silver particles (Fig. 9) . These small particles, which may be regenerated in situ (Glover et al., 2011; Levard et al., 2012; Marchiol et al., 2014) , originate from both 20 (Figs. 9A-D) and 110 nm AgNPs (Fig. 9E) . A large number of these small particles can be seen forming an approximately 100 nm sphere (Figs. 9A and 9B ). Also observed were less organized groupings of these small particles in clumps (Figs. 9C and 9D) and in chains (Fig. 9E) .
Calculation of dose. An estimate of the deposited dose of silver was made using the MPPD v2.11 software (http://www.ara.com/ products/mppd_download.htm). Animal parameters used were from Ji et al. (2007; Ji and Yu, 2012) . Particle parameters were based on characterization of data collected during exposures (Table 3) . Particle density of 7.24 g/cm 3 was used in the model. This figure was calculated based on the mass fraction contributed by the AgNPs and citrate buffer to particle mass. AgNPs and trisodium-citrate made up 63% and 37% of particle mass, respectively, assuming most water was removed from the particles before inhalation. Changing particle density in the model resulted in very small changes in deposition fractions. Deposition of particles less than 150 nm is caused primarily from diffusion forces where particle density is not a factor and this was expected (Londahl et al., 2014) . The deposition fraction from the MPPD model was used to calculate thoracic deposition using the formula:
where Df is the deposition fraction, C is the particle concentration in exposure chamber, MV is the respiration minute volume, and t is the exposure duration in minutes. The MPPD model produced a Df of 0.155 and 0.129 for the 20 and 110 nm AgNPs, respectively (Table 3) . With the AgNPs, respectively) and a 360-min exposure, the deposited dose of silver in the lungs and trachealbronchial airways would be 80 mg for the 20 nm AgNP and 59 mg for the 110 nm AgNP. The bulk of the deposition is predicted to be in the alveolar region (Table 3 ). The MPPD model was also used to predict clearance. The model predicts that 34.8% and 31.7% of 20 and 110 nm particles deposited in the lung, respectively, would be retained after 56 days.
DISCUSSION
We tested the effect of particle size on AgNP deposition and retention in the rat lung following inhalation exposure. We found that smaller particles (20 nm) are cleared less readily than larger particles (110 nm), showing an increase in persistence in the lung when a similar mass of particles is delivered by an aerosol. This slower removal of the smaller particles may be related to the higher particle number of 20 nm AgNP delivered in the aerosol than larger size particles for the same mass concentration. Calculation of the difference in number of particles given the same mass of particles yields a ratio of 166:1 when comparing 20 to 110 nm particles. Macrophages continue to be involved in particle clearance, especially of the smaller particles, even 56 days after exposure. Autometallography staining for silver indicates accumulation of silver in the terminal bronchiole alveolar duct junction, prominently colocalized with the subepithelial extracellular matrix 21 days after exposure. This may indicate preferential binding or sequestration of the AgNPs or silver ions at this site. Remarkably, when the entire lung was analyzed for silver content using ICP-MS, approximately one-third of the initial silver load, on a mass basis, is retained in the lung at 56 days after exposure for both particles. This suggests that there is a portion of silver that is located in a region of the lung not readily cleared by macrophages and is not dependent on particle size. We constructed and characterized a system to create an atmosphere of AgNPs to assess the deposition and retention of the nanoparticles in the lung following a nose-only inhalation exposure. Because the AgNPs supplied by the NCNHIR were in a liquid suspension, it was necessary to use a system that could Compared with the 20 nm 1 day score, the 20 nm 7 day had a P ¼ 0.096 and the 20 nm 21 day was P ¼ 0.068. Asterisk (*), significantly different than citrate buffer at same timepoint; dagger ( †), significantly different than 1 day timepoint for same particle type; double dagger ( ‡), significantly different than 20 nm AgNP at same timepoint; and delta ( §), significantly different than 7 day timepoint for same particle type (P < 0.05) (n ¼ 6).
FIG. 5.
Silver quantification using ICP-MS in the lung tissue following exposure.
The amount of silver retained in the right middle lobe at 1, 7, 21, and 56 days post-exposure (C). Asterisk (*), significantly less than T 0 time-point for same particle type (P < 0.05); dagger ( †), significantly less than T 0 and T 1 time-point for same particle type (P < 0.05) (n ¼ 6).
aerosolize such a material and subsequently dry the aerosol removing water. This is in contrast to Roberts et al. (2013) which administered a wet aerosol of uncoated AgNPs and found little effect in lung tissue. Our current study produced an exposure dose that was similar to that administered in a previous intratracheal dose response study (0.5-1.0 mg/kg) (Anderson et al., 2014) , which was based on a maximal human exposure of 289 mg/m 3 for 1 month (8 h per day, 5 days per week) (Wang et al., 2014) . The delivered dose following aerosol exposure was estimated to be 0.23 and 0.17 mg/kg for 20 and 110 nm AgNPs, respectively, based on an average animal weight at time of exposure of 355 g. In our previous study instilling the same AgNPs, we saw no significant clearance of silver from the lung of either size at up to 21 days post-treatment (Anderson et al., 2014) . However, in this study we found approximately 60% of silver from either size AgNP was cleared from the lung at 21 days post-exposure. In a study by Takenaka et al. (2001) exposing rats for 6 h to 15 nm uncoated AgNP, there was 62% clearance 24 h after exposure and almost 96% by 7 days. However, the exposure concentration, 133 mg/m 3 , was much lower than this study (see Table 1 ).
Kwon et al. (2012) exposed mice to 20 nm uncoated AgNP at a concentration of 2.9 mg/m 3 , and observed a 24-h clearance of 76%. Their rates are considerably higher than the 14% and 24% 24 h clearance rates measured in this study for the 20 and 110 nm AgNPs, respectively. It must be noted that these studies used uncoated AgNPs. We have observed instilled 20 nm polyvinylpyrrolidone (PVP)-coated AgNPs having significantly greater clearance than 20 nm citrate-coated AgNPs (Anderson et al., 2014) . A recent study using uncoated 15 nm AgNP and PVPcoated 410 nm Ag particles inhaled by rats saw a difference in the 2 particle sizes. Clearance was assessed between 1 day and 7 days post-exposure and the was 62% clearance of the 15 nm particles, but only 31% clearance of the 410 nm particles (Braakhuis et al., 2014) . We found that the 1-7 day clearance was 34% and 24% for the 20 and 110 nm particles, respectively. Indicating that larger particles have less clearance during this time period in both studies and that particles of similar sizes had similar clearance in both studies. Of note is that the Braakhuis et al. study was a 4 consecutive day study with exposures for 6 h/day. Comparing the limited number of aerosol silver exposure studies is problematic due to differences in exposure levels, particle size, and surface coatings, as well as mechanism of aerosol generation. Macrophages are critical to pulmonary particle clearance (Geiser et al., 2008; Geiser, 2010; Oberdorster et al., 1992) . The predominant lung cell type containing silver is the macrophage and our data indicate that AgNPs persist in macrophages even 56 days after exposure. Some concern might be that neutrophils are contributing to silver clearance in our exposure model. While there was not an increase in BALF neutrophils at 1 day post-exposure, there was a significant increase in BALF neutrophils at 7 days (data not shown; manuscript in preparation). However, neutrophils did not contain silver staining at any timepoint examined and so did not contribute to particle clearance in this model. At 1 day post-exposure when there was heavy involvement of macrophages with particle scavenging and clearance, more than half of the recovered macrophages were positive for silver irrespective of the particle size. However, there was not an increase in non-viable BALF cells, indicating that the silver did not cause toxicity to the macrophages. This is in contrast to other studies which suggest that macrophage ingestion of AgNPs results in cytotoxicity to the macrophage, possibly due to Ag ion release (Singh and Ramarao, 2012) . However, it is possible that macrophages with a cytotoxic response were already removed from the lung via the mucociliary escalator. In a previous study where the same particles were administered intratracheally, there was either an increase or no change in the number or macrophages recovered in BALF, and no difference in the number of non-viable cells in BALF (Anderson et al., 2014) . This is in contrast to the current aerosol exposure study that found a significant decrease in BALF macrophages 1 day post-exposure compared with controls. One explanation is that macrophages resident in the lung, having scavenged silver, are being removed at a faster rate following inhalation exposure and they are removed faster than they can be replaced in the first 24 h. Macrophage populations can include both resident and recruited macrophages and these have a 30-day long half-life in rodents (Murphy et al., 2008) . Thus, it is not possible to determine whether the macrophages that contain the silver at various timepoints, scavenged it recently or some time ago.
In regards to the percentage of silver positive macrophages present following intratracheal administration, both AgNPs produced less than 40% silver positive macrophages at doses up to 1 mg/kg (>300 mg/rat). However, in the current inhalation exposure study there were greater than 50% silver positive macrophages at 1 day post-exposure ( Fig. 4B ). This suggests that the diffuse distribution of silver following inhalation exposure involves more initial macrophages than a higher intratracheally administered dose. The macrophage silver scores from this study and previous work using intratracheal instillation indicates more involvement in scavenging the smaller particles; scores for macrophages recovered from animals exposed to 20 versus 110 nm AgNPs are higher at 1 day post-exposure. This difference in macrophage response to inhalation of different size particles is interesting because the SMPS data indicate there is only a small difference in the size of the aerosolized particles. The 20 nm AgNP form aggregates and one possibility is that the microstructure of these agglomerates is sensed differently by the macrophages. Another possibility is that the agglomerates of 20 nm AgNP disassemble upon contact with the lung lining fluid and are presented to macrophages in their original size and the macrophages are less efficient at removing these smaller particles. The higher number of smaller particles may also contribute to less efficient clearance. As noted in other studies of macrophages that phagocytose AgNPs, a variety of macrophage profiles were present including those that contained compact agglomerates of varying degrees (Wang et al., 2012) .
Macrophage-mediated clearance is not the only mechanism for silver removal from the lung tissue. For particles in the nanosize range, and for silver in particular, other options are translocation of the particle itself or partial dissolution of the AgNPs. Silver shed by AgNPs, as free ions or bound to other molecules, could move out of the lung, and this has been reported for intranasally instilled AgNPs (Genter et al., 2012) . Further, in vitro studies using silver particles from various sources have suggested that smaller particles shed more ions than larger particles and this may contribute to their toxicity (Gliga et al., 2014) . We note that very low levels of particle dissolution in vitro have been noted for the particles used in this study with a dissolution of 4.3% for the 20 nm particles and 2.2% for the 110 nm particles after 24 h in bronchial epithelial growth medium (BEGM) (Wang et al., 2014) . However, studies of citrate-coated AgNPs in lung surfactant have shown that lung lining fluid can affect the aggregation state and release of Agþ ions in the lung (Leo et al., 2013) , so the form of the AgNPs over time in vivo is still an open question. While our current study did not determine the form of the silver remaining in the lung over time, the presence of smaller AgNPs found in the TEM images of BALF macrophages (Fig. 9) suggests that the AgNP may be not just releasing ions, but also may be forming secondary particles. Work by our group has shown, using x-ray absorption spectroscopy, that while the particles had changed in form by 7 days post-exposure, the predominant silver species was metallic silver and not silver ions (Davidson et al., 2014) . Measuring the translocation of silver and silver ions to other organs may be a fruitful avenue for a future study.
The pattern of silver localization in lung tissue was similar between both particle sizes (Figs. 6 and 7) with staining of silver predominantly in the terminal bronchial/alveolar duct junction and in macrophages. Through the use of hyperspectral analysis, we determined that AgNPs internalized by macrophages underwent a red shift in spectrum which is often indicative of the association of biomolecules on the particle surface. In an attempt to identify the likely subcellular localization of AgNPs within macrophages, AgNPs were acellularly incubated in ALF that has a composition and pH similar to intracellular phagolysosomal conditions. AgNPs incubated in ALF demonstrated a spectral profile similar to the AgNPs internalized within macrophages indicative of AgNPs accumulation within phagolysosomal compartments of the macrophages. While these changes in spectra are suggestive of subcellular localization of AgNPs into the phagolysosome, in vitro studies of other metal nanoparticles such as zinc oxide have demonstrated this as a common site of accumulation within macrophages (Xia et al., 2008) and our TEM data support this outcome. One day after exposure, the silver localization was very diffuse in the tissue, suggesting that the aerosolized AgNPs were spread widely in the distal regions of the lung. There was little silver staining in proximal airways even at early timepoints, yet there was measured silver even in the trachea by ICP-MS due to the great sensitivity of this technique. Disparities in detection between methods may be due to processing as the tissues used for histology were fixed by inflating with liquid fixative that could flush macrophages and AgNPs deeper into the lung, while ICP-MS samples were flash frozen. Our study confirms other studies (Kwon et al., 2012; Roberts et al., 2013; Stebounova et al., 2011) that show acute frank lung toxicity was not present following exposure to AgNPs as epithelial cells were not detected in the BALF and tissue morphology had a regular appearance. However, further studies should be conducted to determine whether any abnormal pathologies, changes in lung function or signaling molecules are present as these have been reported for other studies of AgNPs (Kwon et al., 2012; Song et al., 2013; Wang et al., 2014) , particularly since the 20 nm particles are very persistent in the lung tissue.
While the most prominent localization of silver in the tissues occurred within macrophages, interstitial localization, as well as intraepithelial localization (Figs. 6-8 ) of the silver in lung tissue was noted at 1 and 7 days following exposure. In previous work with ultrafine particles (Oberdorster et al., 1992) , it was hypothesized that this sort of "interstitialization", that results in retention in the tissue itself, would depend on the size of the particle and the degree of particle lung burden, with smaller particles and higher doses having a greater effect. In the current study, both particles were ultrafine but the 20 nm particles had a greater localization to the subepithelial basement membrane zone than the 110 nm particles. However, this could also reflect increased total particle number. Previous in vitro studies using the A549 lung epithelial cell line have shown uptake of AgNPs by lung cells into both the cytosol and the nucleus, with little cytotoxicity (Cronholm et al., 2013; Herzog et al., 2013) . Oral administration of AgNPs also results in silver localization in the gut particularly in the lamina propria and in macrophages, but not in the gut epithelial cytoplasm (Loeschner et al., 2011) . Accumulation of AgNPs in extracellular spaces is also supported by studies in the liver (Su et al., 2014) .
MPPD modeling software was used in this study to estimate a deposited dose to allow comparisons to other methods of exposure, such as intratracheal instillation. Using the MPPD model to calculate the delivered dose of AgNPs to the lower respiratory system and the mean body weight of the exposed rats, we estimate the inhaled delivered dose for this study to be 80 and 59 mg for the 20 and 110 nm AgNPs, respectively. However, the T 0 ICP-MS measurements of silver in the rat lung detected only 321 (20 nm AgNP) and 357 ng (110 nm AgNP) over the entire thoracic respiratory system (the 5 lung lobe, trachea, and lobar bronchus summed). This can be primarily attributed to only a fraction of the generated aerosol getting to the respiratory region of the lung. The cascade impactor data indicate that large agglomerates of particles are formed. While these particles are a small number fraction of the total particles, they represent a large fraction of the mass of particles generated. The large particles are removed from the airflow in the nasal cavity and would not be deposited in the lung. Nasal cavity is important to the study of these aerosolized particles and this will be addressed in future studies. Strain-specific effects on deposition could also contribute to the observed differences between the calculated values and the measured values for deposition. The version 2.11 of the MPPD software uses lung structure data for the Long-Evans rat, while the Sprague Dawley rat was used in this study. A recent study in mice showed that strain differences could affect deposition of particles in the lung (Asgharian et al., 2014) . Another factor that can contribute to differential calculated values versus T 0 measurements is exposure duration. Inhalation exposure studies do not instantly deliver the particles. Clearance of particles should begin as particles are deposited in the lung during the exposure, so particles deposited early have time to be cleared before the exposure ends. Finally, the MPPD model assumes particles are insoluble (Asgharian et al., 2001a,b) but AgNPs are slightly soluble Danscher and Locht, 2010; Stebounova et al., 2011; Wang et al., 2014) . The MPPD model predicts 34.8% of 20 nm and 31.7% of 110 nm nanoparticles will still be retained in the lung at 56 days. This is in close agreement with the percentage of silver measured by ICP-MS, 33% and 35% for 20 and 110 nm AgNPs, respectively.
In conclusion, our study shows that inhalation of both 20 or 110 nm AgNPs resulted in a persistence of silver in the lung at 56 days post-exposure, with greater than 30% retained silver from both particle sizes. We also observed a difference in both the number of, and the silver burden in, BALF macrophages, with 20 nm AgNP producing a greater load of silver positive macrophages shortly after exposure (1 day) and a greater number of low burden macrophages at later timepoints (21 and 56 days). Additionally, we saw evidence of silver being retained in lung tissue in the terminal bronchiole/alveolar duct junction region of the lung regardless of particle size. This current study supports that particle size affects macrophage clearance, but has little effect on long-term retention of silver in the lung.
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